Abstract We report on preliminary results from a systematic study of the hyperfine (HF) structure of antiprotonic helium. This precise measurement which was commenced in 2006, has now been completed. Our initial analysis shows no apparent density or power dependence and therefore the results can be averaged. The statistical error of the observable M1 transitions is a factor of 60 smaller than that of three body quantum electrodynamic (QED) calculations, while their difference has been resolved to a precision comparable to theory (a factor of 10 better than our first measurement). This difference is sensitive to the antiproton magnetic moment and agreement between theory and experiment would lead to an increased precision of this parameter, thus providing a test of CPT invariance.
Introduction: Antiproton spin magnetic moment
The most fundamental particles, from which all visible matter in the universe is comprised, are spin-half particles called fermions. All fermions have antiparticle equivalents which have identical properties but opposite charge. Matter and antimatter do not however exist in equal quantities. The majority of the observable universe consists of matter while antimatter exists usually only as a result of energetic particle interactions.
Particles and antiparticles are theoretically symmetric under the following simultaneous operations called CP T invariance:
-Charge conjugation, Cψ(r, t) = ψ(r, t)
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An implication of CP T invariance is that all the parameters of a particle must have identical absolute values to those of its antiparticle. Therefore an experimental measurement comparing these parameters between particles and their antiparticle equivalents, constitutes a test of this theory.
The gyromagnetic ratio of a proton g p s has been measured to ∼ 10 ppb, summarised in Ref. [1] . In principle it is possible to measure g p s in a Penning trap [2] [3] [4] to increase this precision. The value can then be compared to that of an antiproton g p s in the same trap. Until this method has been proved experimentally, the only environment where the antiproton spin magnetic moment can be measured is in antiprotonic atoms. Indeed the current most precise measurement ((g p s −g p s )/g p s < 0.3%) was performed on antprotonic lead [5] . In 1996, the ASACUSA collaboration measured laser transitions between the (37,35) → (38,34) states of antiprotonic helium resolving the Hyperfine structure [6] leading to a measurment of the antiproton-proton spin magnetic moment ratio to a precission of 1.6% [7] in 2001.
Antiprotonic helium (pHe + ) [8] [9] [10] [11] is a neutral three body system consisting of one electron, one helium nucleus, and one antiproton (He ++ + e − + p) [12, 13] . When an antiproton approaches a helium atom, at an energy of the order of the helium ionisation energy, it can, simultaneously, eject one of the two ground state electrons and become captured. 97% of the captured antiprotons anhihilate within nanoseconds with one of the nucleons in the nucleus but ∼ 3% occupy metastable states with lifetimes of the order of ∼ 3 µs. Due to its long life time this unique particle is an ideal subject for spectroscopy. A hyperfine (HF) structure [10] arises from the interactions between antiproton spin, its angular momentum and electron spin. The magnetic moment of the antiproton can be determined by the comparison of the measured HF transition frequencies with three-body QED calculations. As a result such a measurement constitutes a rigorous test of the theory.
Antiprotonic helium hyperfine structure
The HF splitting ( Fig. 1 ) of pHe + has been calculated by Korobov and Bakalov [14] [15] [16] [17] to the α 4 order. The dominant HF splitting is caused by the interaction of the antiproton orbital angular momentum L with the electron spin Se (p -e − spin-orbit splitting).
This is referred to as a hyperfine rather than fine splitting because the perturbation is caused by the interaction of two different particles. A further superhyperfine (SHF) splitting, shown in Fig. 1 , is caused by the combination of three interaction: p spin-orbit splitting (coupling of the antiproton orbital angular momentum and the antiproton spin S p ), the contact spin-spin and tensor spin-spin interactions. The HF doublet is described by the quantum number F = L + Se and the quadruplet by J = F + S p , shown in Fig [18] .
The difference between the two transitions ∆ν HF = ν
HF , is dependent on the antiproton magnetic moment and therefore it is the comparison between experiment and theory of this value that provides a test of CPT invariance.
Bakalov and Widmann calculated the sensitivity by which individual states depend on the p spin magnetic moment and therefore the optimal candidates for measurement [19] . Some of these states are not practical due to limitations in laser capability. Others, like the (n, l) = (39, 35) state, which are within laser capabilities, have favoured transitions to the daughter state and therefore a very narrow HF splitting (∆f HF = 0.5 GHz), even in comparison to current laser line widths. The previously measured (37, 35) state remains the best candidate for a precision study because there is an easily stimulated unfavoured laser transition between the (n, l) = (37, 35) and (38, 34) states. The precision of the predicted splitting for this transition, and therefore the required experimental precision, is 33 kHz. The experiment was carried out at the Antiproton Decelerator (AD) at CERN, which provided a beam of 1 − 4 × 10 7 antiprotons with a pulse length of 200 ns (FWHM) and kinetic energy 5.3 MeV. The target gas was contained in a cylindrical microwave cavity surrounded by a cryostatic gas chamber that could be cooled to a temperature of ∼ 6 K. Two Cherenkov counters covered 2π steradians around the target from which the signal was amplified by fine-mesh photomultipliers (PMTs) [20] . A continuous wave (cw) laser beam of wave-length 726.1 nm was split into two seed beams. The two laser pulses were produced by amplifying the seed beams with dye filled Bethune cells, pumped by pulsed Nd:YAG lasers [21] . The second laser pulse was delayed by a time T after the first. The pump beams were stretched so that the two pulse lengths were of the same order as the Auger lifetime.
The required microwave signal was created by Port 1 of a vector network analyser (VNA), amplified with a pulsed travelling wave tube amplifier (TWTA) and transported to the target through a rectangular waveguide [22] . A cylindrical resonant microwave cavity contained the microwave field at the target. To cover the entire microwave range the cavity was over coupled to the waveguide so that its resonance was broad.
Previously, different choke positions of a triple-stub-tuner (TST) were used to match the impedance of the waveguide to that of the cavity for a range of frequencies [22] . This time, a constant microwave power P was produced at the target by firing a predetermined power down the unmatched waveguide. Most of the signal was reflected and dumped to a 50 Ω terminator by a three-way circulator. This removed standing waves from the system and allowed the relatively small amount of power absorbed by the cavity to be controlled to within 1 dB over the frequency range.
Results
Density effects produce a systematic shift of the laser transitions [23] . In earlier laser spectroscopy experiments, this source of uncertainty was minimised, first by a linear extrapolation to zero density [24] , then later through the use of an ultra low target density (∼ 10 17 cm −3 ) [25] . The stopping distribution at low densities is larger than the cavity depth and therefore a high density target (∼ 3 × 10 20 cm −3 ) must be used. Fortunately the density shift is calculated to be considerably smaller (80 kHz/250 mbar) in the microwave spectrum [26] . The first measurement of the HF splitting was performed at two different target pressures (p ∼ 250 mbar and p ∼ 500 mbar) [7, 27] and had an uncertainty of ∼ 300 kHz, far too large to observe the predicted splitting. The most recent published result resolved ∆ν HF to ∼ 60 kHz [18] but, although many other systematic effects were studied [28] , was determined from measurements made at only one target pressure (p ∼ 250 mbar). Another possible source of uncertainty was the microwave power, although no significant shift has been predicted. The new measurments address these systematics, in particular density and microwave power effects. Microwave frequency profiles were measured at p ∼ 150 mbar and ∼ 500 mbar at T = 350 ns. At p ∼ 150 mbar, additional profiles were measured at T = 500 ns and 200 ns. Figure 2 shows the averaged data for the highest statistics measurements.
Collisional and power broadening have been shown to have little effect on the line width, the dominating effect is the Fourier transform of the microwave pulse length which is equivalent to the laser delay T , see Fig. 3 transition frequencies is much smaller than predicted and still unresolvable despite a factor of 10 increase in the precission. There was also no observable power dependence. This preliminary analysis indicates that, although the difference between theory and experiment δ th−exp for the ν ± HF lines is of the order ∼ 300 kHz, it is a factor of three smaller than the theoretical error [15, 19] . It should be noted that the experimental errors are expected to be ∼ 20 kHz and therefore a factor of 60 smaller than the theoretical ones. The difference between the lines ∆ν HF seems to be in good agreement with theory and, by averaging the results, an error with a similar statistical precision as the theoretical value can be achieved. After further analysis, however, the error bars could still be increased by currently unidentified systematics. The theoreticians are working on a calculation to the α 6 order.
